Mitotic Exit Control: A Space and Time Odyssey
The mitotic exit network (MEN), a protein kinase cascade under the switch-like control of the small GTPase Tem1, triggers exit from mitosis in budding yeast. Now it emerges that signals from both Tem1 and the yeast Polo kinase Cdc5 converge onto the MEN kinase Cdc15 to accurately restrict MEN activation to late mitosis.
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The safe partitioning of the duplicated genome in dividing cells requires that completion of chromosomal segregation precedes exit from mitosis. This mandatory order of events entails the integration of temporal and spatial cues linking mitotic spindle function, cell spatial coordinates and cell cycle control. The budding yeast Saccharomyces cerevisiae offers unique insights into this problem. Now a new study by Rock and Amon [1] proposes a mechanistic basis for such integration within a well characterized signaling pathway controlling mitotic exit in yeast.
Budding yeast divides asymmetrically into a mother cell and a bud, with chromosomal segregation occurring across a narrow constriction between the two -the bud neck. In anaphase, spindle elongation begins in the mother cell and proceeds such that one spindle pole and a set of the duplicated chromosomes are delivered to the bud. Only then, spindle disassembly and cytokinesis can follow.
Mitotic exit in yeast is conditioned to the sustained activation of Cdc14, a phosphatase that targets cyclin-dependent kinase (CDK) substrates for reversal of their phosphorylated state [2] . This prompts events leading to inactivation of CDK, the ultimate trigger for mitotic exit [3] . Cdc14 remains inactive when sequestered in the nucleolus. After anaphase onset, two signaling pathways sequentially control Cdc14 release. The FEAR network induces limited release followed by the mitotic exit network (MEN) that signals the persistent dispersal of Cdc14 throughout the cell, bringing about mitotic exit [4] .
Activation of the MEN cascade is controlled by Tem1, a small GTPase localized to the spindle pole body (SPB), the yeast equivalent of a centrosome. Tem1 is downregulated by Bub2-Bfa1 (Figure 1 ), a two-component GTPase-activating protein (GAP) that stimulates hydrolysis of Tem1-bound GTP. This GAP is controlled by two kinases acting antagonistically. Phosphorylation of Bfa1 by the polo kinase Cdc5 inhibits the GAP, rendering Tem1 active, presumably due to high intrinsic GDP-GTP exchange. A second kinase confined to the mother cell, Kin4, antagonizes Cdc5 action, thus indirectly inhibiting Tem1. By contrast, a Tem1 positive regulator, Lte1, is restricted to the bud. Furthermore, correct spindle alignment instructs Bub2-Bfa1 asymmetric build-up at the SPB destined for the bud. In this way, the SPB can sense negative and positive signals compartmentalized in the mother cell or the bud, respectively, as it transits across the bud neck. This surveillance system is known as the spindle position checkpoint [5] . Once the SPB enters the bud, Tem1 escapes Kin4 inhibition and is activated by Lte1, although the precise mode of activation is unclear [6] [7] [8] [9] . Active GTP-bound Tem1 recruits MEN components to the SPB, starting with the kinase at the top of the cascade, Cdc15. This is followed by activation of the kinase Dbf2-Mob1, partly responsible for the release of Cdc14 to the cytoplasm, the hallmark of MEN activation [10, 11] .
Failure to position one pole of the elongating spindle across the bud neck prevents MEN activation and mitotic exit. Yet, in addition to this spatial control, is there a separate input to enforce temporality when spindle position is not disrupted? In other words, is the activation of the MEN inherently restricted to late anaphase in an unperturbed cell cycle and, if so, how is this temporal window set?
In their study, Rock and Amon [1] dissected cell-cycle dependent activation of the MEN in a setup designed to uncover Tem1-independent controls. Accordingly, Dbf2-Mob1 activity (a downstream readout for MEN activation) was still restricted to late mitosis in an lte1D kin4D mutant strain that no longer possesses the spatial cues to regulate Tem1 based on SPB position. Even a strain in which the effector MEN kinase Cdc15 was overexpressed to bypass the complete absence of Tem1 (tem1D CDC15-UP) retained cell cycle regulation of Dbf2-Mob1, although it lost checkpoint proficiency. Thus, only the checkpoint-enforced delay subject to spatial cues operates via Tem1.
Together these findings established that Tem1 is not the sole switch activating the MEN kinase cascade, with Tem1-independent signals required for tight temporal control. Rock and Amon [1] turned to the analysis of Cdc5, the yeast polo kinase. Cdc5 is a key regulator of mitotic exit not controlled by the MEN cascade [10] ; yet, defining its precise role(s) has been compounded by the fact that it may operate at multiple levels in the MEN, in addition to regulating the Tem1 GAP through Bfa1 [10, 12, 13] . CDC5 transcription begins in late S phase and the protein persists until mitotic exit, when it is targeted for destruction [3] . Importantly, Cdc5 may be the only MEN regulator that, when overexpressed, causes ectopic MEN activation [14] .
Consistent with these precedents, Cdc5 proved necessary and sufficient for promoting the recruitment of Cdc15 onto the SPB and the concomitant activation of the MEN in the absence of Tem1. Importantly, overexpression of Cdc5 forced Cdc15 accumulation at SPBs beyond anaphase. Finally, constitutively tethering Cdc15 to the SPB bypassed the requirement of both Tem1 and Cdc5 for MEN activation. Thus, Cdc5 relays cell cycle timing by operating in parallel to GTP-bound Tem1 (Figure 1) , providing a mechanistic basis for restricting MEN activation to late anaphase, subject to Cdc15 acting as 'coincidence detector' [1] . These dual inputs would account for the accuracy of temporal and spatial control of MEN activity with Cdc5 acting to dictate temporality, at least, at two levels -the inhibition of the Tem1 GAP and the recruitment of Cdc15 to SPBs by an as yet unknown mechanism. Interestingly, Cdc5 phosphorylates key components of the SPB that may provide a scaffold for the assembly of the MEN active signaling unit [13] .
However, there are outstanding questions regarding possible targets for Cdc5 action, as more levels of regulation by this kinase might exist [1, 10, 13] . For example, despite constitutive tethering of Cdc15, Cdc14 release from the nucleolus remained restricted to anaphase, pointing to more targets for control in parallel or downstream of Dbf2-Mob1. This view is supported by a recent study [15] proposing a two-hit model for Cdc14 release based on the combined contributions of Cdc5 and either CDK (during FEAR) or Dbf2-Mob1 (upon activation of the MEN). An added complexity to dissecting the organization of the network is the presence of reciprocal, antagonistic regulation among MEN kinases and CDK [16] with the potential for masking by feedback loops centered on Cdc14 release reversing CDK action.
Despite these challenges, it is of great interest to achieve molecular understanding of the roles of Cdc5 in promoting mitotic exit in yeast as this could provide valuable insights into conserved functions of Polo kinases. Although the MEN may not be fully represented in higher eukaryotes, homologues to several MEN components exist [17] . Moreover, functional aspects of Polo-like kinase association with centrosomes and control of cytokinesis may be conserved [18] . Finally, mechanisms for surveillance of spindle orientation have been recently proposed in asymmetric divisions in animal models [19] . Whether regulators sharing the logic of the MEN are engaged in these mechanism remains to be explored. Developmental biology provides insights into physiological processes in their true complexity, and no field has benefited more from developmental studies than that of gene regulation. As cells and tissues differentiate, the central process of transcriptional regulation orchestrates the proper activation -and repression -of genes in complex spatial and temporal patterns. Decades of molecular biology research have brought about an understanding that promoters of genes are not mere on/off light switches. Rather, depending on the protein complexes and chromatin modifications involved, genes can be activated smoothly or erratically, at higher or lower levels, in deterministic or stochastic fashions. This diversity has led researchers to ask whether the specific features of promoter action are of evolutionary significance, or merely represent a sampling of roughly equivalent solutions to the problem of getting genes expressed. Two settings in which specific characteristics of promoter regulation have been linked to the biological function are the rapid induction of animal immune response genes by scaffolded 'enhanceosomes' consisting of cooperatively bound activators, and the stochastic activation of promoters required for bacterial competence, which involves only a portion of the population of cells [1, 2] . In each of these cases, the induction of promoters in certain fashions have been suggested to provide a superior result.
Less well studied is the significance of the diversity of gene inactivation mechanisms, however. Recent studies have underscored the complexity of chromatin transactions that can be involved in different modes of gene repression; for instance, repressors binding to a promoter can block activators without displacing them, locally or globally induce deacetylation, or cause RNA polymerase to 'jam' at the promoter [3] [4] [5] . Do the distinct types of repression correlate with particular requirements for developmental gene regulation?
In a recent issue of Current Biology, Bothma et al. [6] report the use of high-resolution nuclear imaging of nascent transcripts to record the activation and repression of genes expressed in the presumptive mesoderm and neuroectoderm of the embryonic fruit fly. The sog gene is a target of the Dorsal and Twist transcriptional activators, which are present in a ventral-to-dorsal activity gradient. Rather than simply reproducing the expression of these activators, an incoherent feed-forward loop causes the initial burst of mesodermal expression of sog to be extinguished as levels of the Snail transcription repressor rise in mesodermal regions. Importantly, the authors note that intronic probes to the large (22 kb) sog transcript show distinct patterns of expression. As expected, nascent transcripts containing the 5 0 intron are first detected, as polymerases begin to move across the body of the gene with the start of transcription. After 10 minutes, probes corresponding to both 5 0 and 3 0 portions of the transcript are detected, indicating that polymerases are positioned across the length of the gene, consistent with previous chromatin immunoprecipitation results that detect the enzyme throughout the body of genes during transcription. The rapid rise in Snail protein levels
